A chlorobenzoate-catabolic transposon (TnS271) was introduced on a conjugative plasmid (pBRC60) in the natural host, Alcaligenes sp. strain BR60, into lake water and sediment flowthrough microcosms. Experimental microcosms were exposed to micromolar levels of 3-chlorobenzoate, 4-chloroaniline, 2,4-dichlorophenoxyacetate, or 3-chlorobiphenyl. The populations of the host, BR60, and organisms carrying TnS271 were monitored over a 100-day period by use of selective plate counts and the most-probable-number-DNA hybridization method. Populations of TnS271-carrying bacteria were significantly higher in microcosms dosed with 3-chlorobenzoate, 4-chloroaniline, and 3-chlorobiphenyl than in the control microcosms, indicating that each of these chemicals exerts a selective force on this particular genotype in natural systems. The rates of 3-chlorobenzoate uptake and respiration correlated with Tn5271-carrying populations, as did the rates of 4-chloroaniline uptake and respiration. Plasmid transfer in the 3-chlorobenzoate-and 3-chlorobiphenyl-dosed microcosms resulted in the selection of three phenotypic clusters of chlorobenzoate degraders, only one of which was closely related to the original pBRC60 (Tn5271) donor, Alcaligenes sp. strain BR60. Bacteria dominating 4-chloroaniline-dosed microcosms carried IS1071, the class II insertion sequence that brackets TnS271, on a plasmid unrelated to pBRC60. The importance of plasmid transfer and transposition during chemical adaptation is discussed.
Simple chlorinated aromatic compounds are often degraded via oxidation of the chlorinated ring to a chlorocatechol intermediate. Subsequent cleavage of this chlorocatechol product often forms the bottleneck in bacterial chloroaromatic degradation, since catechol oxygenases may be substrate specific or may be inhibited by chlorinated substituents (8) . However, chlorocatechol oxygenases from several chloroaromatic-degrading bacteria have been characterized (25, 35) . The genes for chlorocatechol cleavage have been used to broaden the substrate range for degradation by mixed cultures (27) or by individual strains, either through natural gene transfer or through artificial recombination (5, 15, 17-19, 21, 23, 26, 28) . In these studies, nutrient-rich media, high chloroaromatic substrate concentrations, dense parent populations, or enhanced transformation conditions were used to increase the frequency of rare gene transfer or recombination events. The relevance of these experiments in understanding genetic adaptation in natural environments is questionable.
Alcaligenes sp. strain BR60 carries 3-chlorobenzoate (3Cba)-catabolic genes on a 17-kb transposon (Tn5271) found on an 85-kb broad-host-range plasmid, pBRC60 (22, 38, 39) . Since chlorocatechol was identified as an intermediate in the breakdown pathway, we were interested in the fate of Tn5271 in natural freshwater ecosystems dosed with low levels of chloroaromatic contaminants that are known to be degraded through similar metabolites. Studies of the behavior of Alcaligenes sp. strain BR60 in freshwater microcosms showed that concentrations of 3Cba above about 1 FM selected for pBRC60 in the natural community (11) . Hori- 4-chlorobenzoate positive) were described previously (38, 39) . Spontaneous streptomycin-resistant mutants of these strains were used in all experiments (11, 12) . Details of plasmid pBRC60, its resident transposon, Tn.5271, and insertion sequence IS1071 are published elsewhere (22) . Laboratory recipients included in the cluster analysis were obtained from the American Type Culture Collection or from donating laboratories as described in detail by Fulthorpe and Wyndham (12) . Cloned restriction fragments of catabolism transposon TnS271 used as probes were described by Wyndham and Straus (39) and Nakatsu et al. (22) . A general medium, CPS agar (0.5 g of Casitone, 0.5 g of peptone, 0.5 g of soluble starch, 1 g of glycerol, 0.04 g of MgSO4 7H20, 0.2 g of K2HPO4, 18 g of agar per liter) was used for the purification and maintenance of strains with no specific catabolic phenotype. Selective media used for the initial isolation and maintenance of catabolic strains were based on a mineral salts medium (medium A [37] ) adjusted to pH 8 and containing 18 g of agar, 0.05 g of bromothymol blue per liter as a pH indicator, and the appropriate carbon source. 2,4-D, 3Cba, and 4Cba agar plates contained a 3 mM concentration of each substrate. Pca/ye agar plates contained 2 mM Pca supplemented with 0.005% yeast extract. 3Cbp agar contained no additional carbon source. 3Cbp (50 ,ul) was placed on the lid of the petri dish after plating. Batch cultures were grown in identical media, lacking agar. Populations of BR60 and BR611 were enumerated by triplicate plate counts on 3Cba or 4Cba agar, respectively, containing 25 p.g of streptomycin per ml.
Microcosm treatments. Fifty-liter flowthrough lake water and sediment microcosms were set up at Queen's University Biological Station as described by Fulthorpe and Wyndham (11) . The microcosms were large aquaria (72 by 40 by 22 cm high) containing 5 cm of sediment taken directly from a shallow bay of Lake Opinicon and 50 liters of lake water aerated with porous stones. Epilimnetic lake water was continuously pumped from the lake to the aquaria via a header tank before delivery to the various microcosms at controlled dilution rates. Dilution rates were set at 0.01 h-1 (7.5 ml min-') by restricting water flow through a 20-gauge needle 3 cm below the water surface in the header tank. Twelve microcosms were continuously diluted with nonsterile lake water supplemented with one of the four test chemicals at one particular concentration over the period from 20 May to 5 September 1989 (Table 1) . Chemicals were delivered from sterile reservoirs to the water delivery lines via a 10-rpm, 10-channel peristaltic pump (Watson-Marlow 501U) at a rate of 0.0075 ml/min, giving a final chemical concentration in the feed water of 1/100 that in the reservoirs. 2,4-D, 3Cba, and Pca stock solutions were sterile aqueous solutions (100 times the final concentration) in 4-liter Nalgene containers. 3Cbp stock solutions had to be more concentrated than the solubility limit of 3Cbp, so they were prepared by sterilizing the appropriate amount of water in a 4-liter glass container and adding 3Cbp dissolved in acetone. The final concentrations of acetone in the stock bottles were as follows: high dose, 50%; medium dose, 10%; and low dose, 2.5%. Heterotrophic potentials. Heterotrophic potentials of microcosm waters were determined from both the rate of uptake of the compound and the rate of production of 14C02-Uptake rates were determined as detailed by Fulthorpe and Wyndham (11, 12) and briefly described here. Triplicate 3-ml samples of microcosm water were inoculated with labeled substrate at five concentrations and left at room temperature for 2 h, after which uptake by cells was measured by filtration of the samples onto 0.22-pum-pore-size membranes (Sartorius). A second set of triplicate samples was used to measure evolved "4CO2 by absorption into ethanolaminesoaked filter paper strips (12 Statistical analyses. Treatments encompassed four different chemicals over a wide range of chemical concentrations to maximize the likelihood of producing conditions selective for Tn5271. However, this strategy allowed the use of only one microcosm per treatment level. Population estimates collected over the exposure period were averaged to determine mean populations for each treatment. These data were sequential and therefore not strictly independent of each other, even though sampling intervals exceeded the microcosm turnover time. Data were transformed by taking the logarithm to make variances homogeneous, and the runs up-and-down test was performed to determine whether the data departed from randomness for the interval of interest (14) . If the data behaved randomly, nonparametric methods were used to compare populations. Intramicrocosm comparisons were carried out by use of the sign test, and intermicrocosm comparisons were carried out by use of the MannWhitney-Wilcoxon test (14) .
RESULTS
As results for each of the treatments are discussed, reference is made to isolates recovered from the experimental microcosms. These isolates are listed in Table 2 . Figure 1 depicts the results of the cluster analysis, showing the phenotypic dissimilarities between the isolates and other relevant strains. Clusters are defined at a dissimilarity coefficient {equal to [(1 -Jaccard similarity) x 10]} of 6 or higher and are numbered to correspond to clusters defined in previous experiments (12 Fig. 2a and b) . In inoculated microcosm C2, BR60 populations failed to persist in the waters and decreased by 3 orders of magnitude in the sediments (correlation with time: Spearman's r = 0.64; P = 0.048; Fig. 2c ). Probe' populations were higher than BR60 populations in the first 20 days (Fig.  2d) but exhibited a significant decrease with time thereafter (Spearman's r = -0.69; P = 0.035).
After the delivery of 50 p,M 3Cba to the control microcosms (day 80), TnS271 probe' populations increased dramatically from levels below detection to 106 cells ml-' in the sediments and 103 to 105 cells ml-' in the waters of both microcosms ( Fig. 2b and d (12) . Isolates in boldface type were recovered from microcosms in this study. All others were laboratory reference strains. Symbols: *, pBRC60 recipient from microcosm; *, pBRC60 recipient in laboratory; **, host of rearranged pBRC60 plasmid; ***, carrying IS1071; #, host of large plasmid not homologous to pBRC60, isolated on chloroaromatic agar plates. Clusters are numbered to correspond to those defined in earlier work (12) : 1/4, strains phenotypically similar to the donor, BR60; 2, yellow-pigmented 3Cba degraders; 3. fluorescent pseudomonads and similar strains; 5, nonpigmented 3Cba degraders; 6, A. delafieldii-like strains; 7, distantly related strains; and 8, large-plasmid-bearing coccoids, bright yellow. because genomic DNA of this strain contains multiple copies of IS1071 (22) . 3Cba-degrading isolates B2-1 and T3-7, reptesentative of clusters 5 and 2, respectively, contained Eli-homologous BglII fragments with sizes identical to those of the key fragments, BglII-2, -3, and -4 of pBRC60 (Fig. 3b) , consistent with the presence of Tn5271.
Fate of Alcaligenes sp. strain BR611 and Tn5271 in Pcadosed microcosms. In microcosms PCA1, PCAm, and PCAh, the BR611 inoculum declined to undetectable levels within 4 weeks and remained so in both the waters and sediments for the duration of the summer (data not shown). Probe' populations initially reflected this decrease (Fig. 4a and c The appearance of probe' organisms in PCAh waters was concurrent with Pca degradation in the microcosm waters (Fig. 4c) . The heterotrophic potentials of microcosm waters were weakly but significantly correlated with the probe' populations (log Vmax = 0.177 log probe' population + 1.83; 2 = 0.55; n = 10; P < 0.05). Sediment Vmax rates and probe+ populations were also correlated (log V.max = 0.526 log probe+ population + 0.51; r2 = 0.71; n = 7; P < 0.05). None of the measured rates of sediment 14CO2 production from 14C-Pca were very high, however, no measurements were taken during the peak of the probe+ population blooms.
Growth on Pca/ye plates was poor; colonies were never large, nor was any pH change evident during colony formation. Counts did not correlate well with probe' populations during the same period. Nevertheless, several isolates picked from Pca/ye plates initially hybridized to TnS271 probes in rapid plasmid screens, but they lost this characteristic upon subculturing. Only isolates originally taken from nonselective CPS agar plated during the probe' bloom consistently hybridized to Tn5271 probes. Four of these isolates, T6-11, T6-13, T6-14, and T6-15, proved to be phenotypically identical, large, motile rods with single polar flagella, and so only T6-11 and T6-13 were characterized further. They clustered in a small group (cluster 6) with PR63, distinct from the bulk of the (22) . (b) Hybridization of Eli to BgIII digests of total genomic DNA and plasmid-enriched DNA from 3Cba-degrading strains and isolates from 3Cbp-and Pca-dosed microcosms. The size marker was HindIII-digested lambda phage DNA. pBRC60 fragments BglII-2 (24.8 kb), BgIII-3 (11.6 kb), BgIII-4 (9.0 kb), and BgIII-5 (6.0 kb, from outside Tn5271) are marked. Lanes: 1, pBRC40, a derivative of pBRC60 with Tn5271 deleted; 2, pBRC60; 3, B2-1, 3Cba+, total genomic DNA; 4, T3-7, 3Cba+, total genomic DNA; 5, B6-5, 2,4-D+, total genomic DNA; 6, B6-7, 2,4-D+, total genomic DNA; 7, pBRC40; 8, pBRC60; 9, T6-11, plasmid-enriched DNA; 10, T6-11, total genomic DNA; 11, T1-9W, 3Cba+, total genomic DNA; 12, pBRC60; 13, pBRC40; 14, T6-11, plasmid-enriched DNA.
All of the isolates in cluster 6 were given a "poor" identification by the GN Microplate system as Pseudomonas delafieldii, recently renamed Acidovorax delafieldii (36) . A. delafieldii T6-11 can form colonies on Pca/ye agar but cannot grow in Pca/ye broth. It carries a large plasmid that is lost after prolonged exposure to Pca. When cut with BgIII and probed with Eli, plasmid-enriched and total genomic DNA preparations gave banding patterns different from that of pBRC60 (Fig. 3b) . To confirm this difference, we cut plasmid-enriched preparations of DNA from this isolate and a related isolate, T6-13, with EcoRI, resolved them by gel electrophoresis, and probed them with pBRC60 fragment HindIII-2 (Fig. 5 ). HindIII-2 is a Tn5271 fragment that encompasses all the catabolic genes and most of IS1071, the flanking insertion sequence of this transposon (Fig. 3a) . growth. T1-9W was probe', capable of growth on 3Cba, and a member of 3Cba+ cluster 2 ( Fig. 1) . Total genomic DNA of isolate T1-9W contained BglII fragments that hybridized to the Eli probe and corresponded in size to BgIII-2, -3, and -4, along with additional fragments not present in pBRC60 (Fig.  3b) . However, T1-9W plasmid extraction confirmed the presence of intact pBRC60 containing the entire TnS271 catabolic transposon (Fig. 5) . Intact pBRC60 was also found in another cluster 2 isolate, B1-2, recovered from 3Cba agar plates of samples from microcosm CBPh. T1-9Y, capable of good growth on 3Cbp vapors, was a nonmotile, bright yellow, gram-negative coccus. Despite the fact that T1-9Y and similar strains isolated from colonies on 3Cbp agar carried high-molecular-weight plasmids, genomic and plasmid DNAs from T1-9Y failed to hybridize to a TnS271 probe (Fig. 5) . GN Microplate fingerprinting and cluster analysis placed this isolate with several other yellow cocci containing large plasmids and recovered in earlier microcosm studies (lOa). Both PR44A and PR13 were isolated from 3Cba-dosed microcosms on 3Cba agar as putative 3Cba degraders. In the laboratory, their 3Cba metabolism was restricted to the production of chlorocatechol. PR113 was isolated on chlorophenol agar from a microcosm dosed with chlorophenol and 3Cba (unpublished data).
Fate of Alcaligenes sp. strain BR60 and TnS271 in 2,4-Ddosed microcosms. In TFDh, the 50 ,uM 2,4-D-dosed microcosm, BR60 populations declined rapidly, similar to the decline in control microcosm C2 (Fig. 7a) . Similarly, TnS271 probe' populations declined to undetectable levels by day 37, recovering sporadically between days 37 and 88 but never exceeding 700 cells ml-' (Fig. 7b) . In contrast, culturable 2,4-D degraders were readily detected in TFDh from day 37 to the end of the experimental period, indicating that the capacity for 2,4-D degradation was common in this particular bacterial community. 2,4-D heterotrophic potentials measured in TFDh on days 46 and 60 showed that significant uptake and respiration of 2,4-D were taking place when probe' populations were low. This metabolic activity was reflected in the disappearance of 2,4-D from the microcosm waters (Fig. 7b) . There was no correlation between probe' populations and 2,4-D degradation rates. A number of 2,4-D degraders were isolated from the TFDh microcosm (Table 2) , but none had genomes that hybridized to TnS271 (Fig. 3b) . GN Microplate fingerprinting of one of these isolates, B6-8, showed it to be metabolically distinct from other strains (Fig. 1) . Table 3 .
carried at least part of TnS271, if not the entire element or the entire conjugative plasmid, pBRC60.
The selective effect of 3Cba on Tn5271-carrying (probe') populations has been shown previously (11) but was more effectively demonstrated in this study. Probe' populations responded dramatically to the input of 3Cba. 3Cba at 25 ,uM maintained levels of total probe' organisms in both waters and sediments over a 100-day period that were significantly higher than control levels. The addition of 50 ,uM 3Cba to uncontaminated control microcosms stimulated the rapid growth of probe' organisms from very low population levels. We suspect that the probe' population bloom in uninoculated microcosm Cl after exposure to 50 ,uM 3Cba was due to the growth of residual pBRC60-carrying cells that had overwintered in sediments from experiments done in preceding years. Interestingly, these survivors were from at After introduction of Alcaligenes sp. strain BR60 into the microcosms, plasmid pBRC60 was found only in three phenotypic clusters of bacteria: cluster 1/4, which includes BR60 and isolates virtually identical to BR60; the yellowpigmented cluster 2 members; and the nonpigmented cluster 5 members. The majority of pBRC60-carrying bacteria isolated from 3Cba-dosed microcosms during the preceding summer, described by Fulthorpe and Wyndham (12) , are also found in these clusters. Observations on the morphology, pigmentation, growth, and motility characteristics of the two dominant groups of microcosm pBRC60 recipients (clusters 2 and 5) suggest that two distinct and relatively homogeneous species are involved. This restricted host range of pBRC60 may be real or an artifact of our isolation techniques (12) , but this study shows that pBRC60 exhibits a strong year-to-year host fidelity indicative of an adaptive compatibility between the plasmid and these three particular culturable clusters of bacteria.
The ecological factors that control the dominance of one pBRC60 host over another are poorly understood. In this work, we observed adjacent microcosms receiving similar treatments being dominated by different pBRC60 hosts. Factors such as the temperature, the inorganic chemistry, and the biotic composition of the incoming waters could not have been important in determining the dominant host, since temperature and lake water inputs were identical between treatments. Once the microcosm communities were isolated, each with its own compliment of protozoa, bacteriophage, and other predatory and competitive species, we might expect community structures to diverge and to affect the relative fitness of the various pBRC60 hosts.
Three of the four test chemicals chosen for this study provided sufficient selection pressure to maintain TnS271 in the microcosms. 2,4-D had no selective effect on populations harboring pBRC60 or TnS271, nor were these genetic elements required for the degradation of 2,4-D in these systems. In hindsight, this result was not surprising, given the opportunity for long-term contamination of the Lake Opinicon watershed by 2,4-D via herbicide spraying along hydroelectric corridors and on private farm (4) , that receives pBRC60 via conjugation at high frequencies in the laboratory, and that expresses the catabolic genes (12, 39) . IS1071 encodes a class II transposase (tnpA) which catalyzes the formation of cointegrates (22) . Cointegration of pBRC60 and the plasmid resident in T6-11 would generate direct repeats of IS1071 or Tn5271 between the two replicons, which in a recA cell would recombine, leaving an IS1071 or a TnS271 copy on the resident megaplasmid. The pictures diverge after this event. For our second mechanism, we suggest that IS1071 alone was present after recombination; for our third, we suggest that TnS271, carrying the catabolism genes, was present.
If the second mechanism occurred and IS1071 was mobilized onto the megaplasmid of T6-11 alone, we must ask whether the insertion sequence played a role in adaptation to Pca or whether it was merely selected for because of its new association with other genes, i.e., whether it was purely '"selfish." Insertion sequences can mobilize portions of DNA or provide a mechanism for gene amplification. They can also carry complete or partial promoter sequences that can switch on or enhance the transcription of downstream sequences (29) , or they can produce major phenotypic changes by inactivating gene products (16) . We are not currently sure whether IS1071 mediates an adaptive phenotype in T6-11; although the strain can form colonies on Pca/ye (a property not shared by the majority of culturable bacteria from these microcosms), Pca degradation has not been established. However, conditions mimicking those in the Pca-dosed microcosms, for example, lake water medium supplemented with 50 ,uM Pca, might reveal in this strain an adaptive phenotype that is dependent on the presence of IS1071.
For our third mechanism, the transposition of TnS271 was the initial step leading to the evolution and the in situ adaptive catabolic phenotype of T6-11. Further homologous recombination between the flanking IS1071 copies would delete the catabolic genes and leave a single IS1071 element on the resident plasmid of T6-11 after the strain was removed from the microcosm environment. There is no proof that the catabolic genes ever formed part of the genome or were expressed in this strain, but we do know that deletion events are frequent for this transposon (7% per generation [12] ), that the maintenance of TnS271 was poor in a closely related strain (PR63 [12] ), and that the isolation of this strain did not involve conditions mimicking those in its original environment. We are currently introducing TnS271, as well as the cloned catabolism genes, into T6-11 to try to distinguish among our alternative mechanisms for the origin of this strain.
A 3Cbp concentration of 50 ,uM selected for Tn5271-carrying populations that were significantly higher than control populations despite high population variations. 3Cbp is an extremely hydrophobic molecule that would be expected to adsorb to organic or inorganic particles soon after reaching microcosm waters. The concentration of 3Cbp within the sediments of these microcosms would be patchy, as would bacterial populations responding to the contaminant, explaining the variability that we observed in probe' populations.
Cluster 3 isolates carrying pBRC60 were isolated from two of the 3Cbp-dosed microcosms. We assume that these were representative of the probe' population phenotype in these microcosms. The complete aerobic degradation of chlorobiphenyls requires two types of degraders: one that oxygenates and cleaves the compound to yield chlorobenzoates and another that metabolizes the chlorobenzoates (13, 20, 32, 33) . Bailey et al. (1) recovered only 50% of radioactively labeled chlorobiphenyl as 14CO2 when the substrate was introduced to river water, in comparison with 80% of that introduced as biphenyl. They attributed this observation to the accumulation of metabolites like chlorobenzoate. Reports of single organisms that attack both chlorobiphenyls and chlorobenzoates are rare (24, 30) , and the observation that probe' isolates from 3Cbp-dosed microcosms were 3Cba+ only is consistent with this fact. The minimal response of probe' populations to 3Cbp relative to 3Cba (200 cells per nmol of 3Cbp versus 10,000 or more cells per nmol of 3Cba in sediments) supports the idea that these populations were utilizing metabolites of 3Cbp-oxidizing populations like T1-9Y. We assume that pBRC60 played a useful role in these microcosms by completing the degradation pathway.
In summary, this study shows that the catabolic transposon TnS271 allowed the utilization of 3Cba in freshwater microcosms and played a significant role in the degradation of 3Cbp and Pca in situ. During community adaptation to Pca, insertion sequence IS1071, which brackets TnS271, was mobilized into alternative hosts. Organisms other than the donor, Alcaligenes sp. strain BR60, mediated these processes of community change, emphasizing the key importance of horizontal genetic transfer during adaptation.
